We have studied the effect of habitat and presence of conspecifics on echolocation characteristics of the emballonurid bat Balantiopteryx plicata. Calls during the search phase only showed differences between habitats in bandwidth, as has been found for other open-space bats. Characteristics of calls during the approach phase did change when bats entered open areas. Calls in the terminal phase showed no differences in the characters examined between habitats. Bats flying in groups shifted their peak frequency significantly, which maximized differences between individuals. These results are interpreted as an active mechanism of jamming avoidance. Bats flying in groups also tended to increase the mean of peak frequencies.
Echolocation calls in bats are modeled according to information required for flight and prey detection in each characteristic habitat Kalko 1998, 2001 ). The frequency, amplitude, and time parameters of echolocation calls are constrained by habitat conditions, acoustic laws, and the bat's ability to produce sound and process echoes. The way these factors bind and constrain echolocation is not yet completely understood. Among the species that use unspecialized frequency-modulated calls, bats foraging in open habitats show during search phase (referring to echolocation calls during commuting and search for prey) more prominent narrowband components, lower frequency, and lower bandwidth, but longer pulse duration and pulse intervals than bats foraging in cluttered habitats (Fenton 1990; Neuweiler 1989; Kalko 1998, 2001 ). Intraspecific variation due to habitat differences has mainly been studied during the search phase (Jacobs 1999; Kalko and Schnitzer 1993; Rydell 1990 Rydell , 1993 , and the same pattern has been found for different species, as would be expected if this variation is shaped by the same acoustic laws and biological constraints. Approach and terminal phase calls (referring, respectively, to detection and location of prey and final attempts to capture prey- Griffin et al. 1960 ) are structurally much more uniform than search-phase calls. The latter always show successively reduced pulse duration and increased repetition rate and bandwidth Schnitzler and Kalko 2001) . Sequences of calls during approach and terminal phases have seldom been investigated in relation to habitat differences either among or within species (Siemers et al. 2001) .
As another source of intraspecific variation, it is known, for at least some species, that echolocation calls of individuals flying in groups (either by chance or voluntarily) differ from those of bats that fly alone (Habersetzer 1981; Jones et al. 1993 Jones et al. , 1994 Obrist 1995) . This variation has been explained as a jamming-avoidance mechanism when several individuals fly together: by slightly modifying their echolocation parameters, bats can distinguish their own echoes from echoes and calls of conspecifics flying around them.
The sac-winged bat (Balantiopteryx plicata) is a mediumsized neotropical emballonurid (forearm 39-46 mm; body mass 6-7 g) fairly common in arid areas from Mexico to Costa Rica (Arroyo-Cabrales and Jones 1988). Its echolocation calls in the search phase start with a long narrowband component followed by a short broadband component with a peak frequency at 41.2 kHz, bandwidth of 2.8 kHz, pulse duration of 12.1 ms, and pulse interval of 136.2 ms (Ibáñez et al. 2002) . B. plicata forages in a variety of habitats, including pastures, seasonal marshes, and deciduous woodlands at 10-25 m above ground level or above the forest canopy (Bradbury and Vehrencamp 1976) . Therefore, it is expected that this bat varies its echolocation parameters according to the characteristics of these different habitats. We studied intraspecific variation in echolocation calls of B. plicata between 2 extreme habitats during the search, approach, and terminal phases, and looked for differences in calls between bats flying in groups compared with solitary flying individuals. These 2 sources of variation (habitat and jamming avoidance) are addressed in order to better understand the patterns of intraspecific variation in echolocation of bats. None of these variation components has been previously studied in emballonurids.
MATERIAL AND METHODS
Calls from B. plicata were sampled in September 1997 and May 1998 in 2 localities: Maruata, Michoacán, Mexico (188179N, 1038239W, elevation 0 m) and Los Ortices, Colima, Mexico (198079N, 1038449W, elevation 280 m). Echolocation calls were sampled (3 s per sample) with ultrasound bat detectors (model D-980, Pettersson Elektronik, Uppsala, Sweden) in time-expanded mode (10Â), and recorded onto metal-XR Sony tapes with a Sony Walkman DC6 cassette recorder (Sony Co., Tokyo, Japan).
Recordings were analyzed with a Kay DSP 5500 Sonagraph (Kay Elemetrics Corp., Pine Brook, New Jersey). Consecutive calls in a sequence were assigned to search, approach, and terminal phases according to sudden changes in bandwidth (from search to approach) and pulse interval (from approach to terminal) as we have described previously (Ibáñez et al. 2002) . Time parameters (duration and pulse interval) were measured from sonograms. Frequency and amplitude parameters (peak frequency and bandwidth) were measured in the power spectrum built with a fast-Fourier transform of each complete pulse. Peak frequency was defined as frequency with the most energy and pulse interval as time from beginning of the measured pulse to beginning of the previous one. To minimize the effect of atmospheric attenuation, bandwidth was measured (when it was possible) as the difference between the ÿ20 dB high-frequency and the ÿ20 dB lowfrequency cutoffs with respect to peak frequency. Harmonics (fundamental, 2nd, or 3rd) corresponding to each peak in the power spectrum were also recorded.
For differences between habitats, we observed foraging behavior and recorded echolocation calls in 2 different habitats: an area of sparse trees in the Maruata site and an artificial open grass pasture in the Los Ortices site. Whereas the first area had trees and coconut palms scattered about 30 m apart (22% tree and shrub coverage), the second area had neither trees nor shrubs over 200 m around (0% coverage).
Only recordings obtained at sunset from visually observed bats were used to ensure that calls corresponded to each habitat and genuinely different individuals. For peak frequency, bandwidth, and pulse duration, mean 6 SE was calculated from mean values of each sequence (i.e., the average of all pulses in the sequence). However, for pulse interval, mean 6 SE was calculated from the mode of each sequence because of the skewed shape of the distribution of pulse intervals (Ibáñez et al. 2002) . Differences between habitats were tested with Mann-Whitney-Wilcoxon 2-sample rank-sum test for group differences because the distribution of some variables was not normal. This analysis was performed with Statistica 5.5 software (StatSoft 1999) .
Jamming avoidance was studied by analyzing all available search sequences (all records from sunset to late night and in all habitats and localities). Nevertheless, this analysis could only be reliably performed for peak frequency. Sequences were considered within the class 'bats flying in a group' when pulses of 2 different individuals become visible together on the screen of the sonograph (Fig. 1) . Otherwise, sequences were considered within the class 'bats flying alone.' Only 1 sequence showed more than 2 bats and was included within the class 'bats flying in a group.' The presence of jamming mechanisms was tested by comparing differences in call frequencies between bats flying alone and in pairs in 2 different ways. First, we expected to find differences in mean values of the absolute differences between calls made by solitary-and group-flying bats if there was any attempt to avoid call jamming. We checked for these differences between 2 distributions: one was constructed by calculating the differences in peak frequency for 22 pairs of sequences recorded for 'bats flying in a group' and the other was constructed by calculating differences in peak frequency of all possible pairings (n ¼ 1,081) of sequences recorded for individuals flying alone. Because distributions were not normal, differences in mean values were statistically tested by using the randomized Kolmogorov-Smirnov test. Second, if jammingavoidance mechanisms were present, we expected to observe a shift in peak frequencies of calls of bats flying in groups resulting in a widening of the range of call frequencies and thus in a larger variance for this group. This was tested by a randomized F-ratio for equal variances between distributions of frequencies of bats flying alone and in groups. The significance values were estimated after 1,000 iterations. These analyses were carried out using Matlab v4.2c software (MathWorks 1994) . Copies of Matlab functions written for this article are available from the authors on request. trees. Flight paths were straight with recurrent dives corresponding to hunting attempts (buzzes) heard on the detector. In the Los Ortices site, bats were recorded at dusk, flying straight at a height of 10-15 m along artificial prairies. Bats made frequent hunting dives down to 2-3 m above ground level.
During the search phase, calls by bats flying above pastures showed a significantly lower bandwidth compared with those flying in the area with scattered trees (Table 1 ). The approach phase in bats flying above pastures was longer and had significantly more pulses compared with bats flying in the area with scattered trees (Table 1) . However, during the terminal phase, there were no significant differences between habitats (Table 1) .
Jamming avoidance.-Pair differences in peak frequency were significantly larger (KS ¼ 0.980, P , 0.001, Power ¼ 0.998) in bats flying in groups (2.3 6 0.32 kHz, n ¼ 22) than in individuals flying alone (1.3 6 0.03 kHz, n ¼ 1,081). The distribution of frequencies of pair differences also had a significantly larger variance for bats flying together (F ¼ 2.029, P ¼ 0.004). This result is striking, as there was such a considerably larger sample for bats flying alone and they would be expected to have a larger variance. These results suggest that bats flying in groups may vary their frequencies to avoid overlap. In addition, peak frequency for bats flying in groups (41.7 6 0.27 kHz, n ¼ 35) was slightly higher than peak frequency for lone-flying bats (41.2 6 0.16 kHz, n ¼ 47), and this difference approached statistical significance (F ¼ 3.0, P ¼ 0.09). In a particular sequence of 2 bats flying together, 1 individual emitted with maximum amplitude on the 2nd harmonic (41.7 kHz, n ¼ 9), as is normal for the species (Ibáñez et al. 2002 ), whereas the other (which was emitting more intense calls) showed a higher amplitude on the 1st harmonic (20.5 kHz, n ¼ 7). This was the only recorded sequence in which maximum energy was consistently in the 1st harmonic.
DISCUSSION
The calls of the search phase were very similar in structure and duration in both habitats. In fact, bandwidth was the only parameter showing differences between prairies and the forested area. This low plasticity in echolocation behavior of B. plicata supports the hypothesis that open-space bats show relatively low variability in echolocation parameters (Fenton 1990; Schnitzler and Kalko 1998) . In less complex environments, bats used fewer call types than forest species, which have to confront a higher variety of perceptual tasks. Nevertheless, these conclusions are cautious because the relatively small sample sizes in the analysis could affect the lack of significance between habitats. As expected, bandwidth was significantly broader in the area with scattered trees compared with over pastures. Increasing the broadband component provides the bat with more precise information concerning location and structure of the target in more cluttered habitat Kalko 1998, 2001; Simmons and Stein 1980) .
Our results present the first documentation of significant variation in the approach phase with habitat, as the calls of this species show the approach phase significantly longer in open habitat. Siemers et al. (2001) found the same pattern of differences in pulse number and phase duration between habitats in Myotis nigricans, although these differences were not significant. The changes point to optimization of the echolocation system to a larger range of prey detection in the more simplified habitat (prairies). In fact, according to the scenario proposed by Kalko (1998, 2001) , the overlap-free window would be larger in prairies than in forested areas due to lack of a clutter-overlap zone produced by echoes from trees. The longer detection distance in prairies results in a longer approach phase in this habitat than in forested areas. Alternative (but not mutually exclusive) explanations would be the presence of larger sized prey in prairies that can be detected from further distances and allow for a longer approach phase or a faster prey flight-speed performance in this habitat. Our data do not allow for testing among all these possible causes of the differences detected between habitats. Differences in calls between the 2 habitats disappear in terminal phase. This suggests that, although the approach can start at greater distances in open habitats (as prey are located further away), the terminal phase that follows starts only when the bat-prey distance reaches a particular threshold. Therefore, the buzz is executed independently from the characteristics of the previous phase.
The highly significant difference found in call frequency between B. plicata flying alone and when flying in groups suggests that this species has developed an active jammingavoidance strategy. Differences in peak frequency between bats flying alone and bats flying with conspecifics was first described for open-space and narrowband Rhinopoma hardwickei (Habersetzer 1981) . Habersetzer (1981) hypothesized that, by maximizing differences in peak frequency, bats minimized interference with echoes of other bats. Obrist (1995) found differences in variation not only in peak frequency but also in pulse duration, pulse interval, and bandwidth in some vespertilionids flying alone and in groups. Our field observations were not able to record individual changes, but in an experiment designed with captive bats using Doppler-shift compensation, Jones et al. (1993 Jones et al. ( , 1994 found that the shift in peak frequency of each individual was in the direction that maximized differences between calls, therefore actively reducing the chance of confusing their own echoes with those of conspecifics. Nevertheless, in these bats, this effect could be masked by an active compensation of Doppler shift if bats fly slower when they fly together.
Our recordings of B. plicata showed a tendency toward an upward shift in the maximum frequency when bats were flying in groups. The same trend has been found in other studies (Miller and Degn 1981; Obrist 1995; Rydell 1993) . It has been suggested that it could result from an increase in clutter due to presence of conspecifics. In fact, pipistrelles increase peak frequency when approaching cluttered environments (Kalko and Schnitzler 1993) . Nevertheless, it seems unlikely this could have any influence on our results because B. plicata shows no differences in peak frequency between open and more cluttered habitats (Table 1) .
Calls with large narrowband segments, typically emitted by aerial insectivorous bats with a long-range detection strategy, are more susceptible to interference by echoes and calls from other individuals. Therefore, jamming-avoidance mechanisms are expected in this group of aerial foraging bats. The information available so far about aerial insectivores agrees with this prediction. In fact, R. hardwickei (Habersetzer 1981) , Lasiurus cinereus, L. borealis (Obrist 1995) , and B. plicata (this article) maximize differences in frequency between individuals flying in groups and individuals flying alone in open space. Two other species in which this behavior is described, Pipistrellus pipistrellus (Miller and Degn 1981) and Eptesicus nilssoni (Rydell 1993) , show a flexible foraging strategy that includes long-distance detection in uncluttered space. Finally, Craseonycteris thonglongyai, a bat with a short detection range (1 m) does not appear to have developed a jamming-avoidance mechanism, as individuals flying alone and in groups have identical calls (Surlykke et al. 1993) . The shift of maximum energy of the call to another harmonic appears as an interesting possibility to individualize echoes and avoid confusion with conspecifics, but this idea needs to be assessed. Our knowledge of jamming avoidance is still limited, but this source of intraspecific variation deserves further investigation in order to assess its importance in bat echolocation systems.
RESUMEN
Estudiamos el efecto del hábitat y la presencia de conespecíficos en las características de las señales de ecolocalización del murciélago emballonúrido Balantiopteryx plicata. Las señales durante la fase de búsqueda solo muestran diferencias entre hábitats en ancho de banda, tal y como se ha encontrado en otros murciélagos que cazan en espacios abiertos. La fase de aproximación es más larga en hábitats abiertos. Las señales durante la fase terminal no muestran diferencias entre hábitats en las características examinadas. Los murciélagos cambian significativamente la frecuencia de máxima intensidad cuando vuelan en grupos, esto maximiza las diferencias entre individuos. Estos resultados son interpretados como un mecanismo activo de evitar la confusión. Los murciélagos cuando vuelan en grupos tienden a incrementar la frecuencia de máxima intensidad.
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